The black vine weevil (Otiorhynchus sulcatus F.) feeds on a variety of plant species and is a serious pest of ornamental nursery crops. The larval stage has a more restricted diet than the adult stage, but the larvae are more damaging because they feed on roots and often stunt or kill their hosts. Performance and establishment of larvae in various container-and fieldgrown nursery crops were examined. In trials on containerized plants, adult black vine weevil were caged with various combinations of known larval hosts. In these trials, most larvae were found in Sedum and Heuchera versus Astilbe, redbud, and Taxus. Larvae collected from Sedum weighed significantly more than those from Heuchera or Taxus. In one field trial, adult black vine weevils were released, and establishment of larvae among potential hosts was examined. In this trial, Sedum was a better host than hemlock or Rudbeckia. Based on the numbers of larvae found in the different plant species, Sedum was the best host for larvae. Another field trial examined the influence of mulch on the occurrence of larvae. The presence of mulch around small field-grown Taxus plants did not increase the numbers of larvae compared with bare soil. The presence of aged pine bark or Taxus needle mulches did not influence the occurrence of black vine weevils in field plots of young Taxus. Data from monitoring adults suggest they either emigrated from these plots within several weeks of emergence, although suitable hosts were present, or there was high mortality.
The black vine weevil (Otiorhynchus sulcatus F.) (Coleoptera: Curculionidae) is a severe pest of container-and field-grown nursery crops. The adult stage feeds on the foliage of a large variety of plants, but the damage is usually cosmetic (Smith 1932 , Gill et al. 2001 , Fisher 2006 . The larvae have a more restricted host range than the adults, but are the most damaging stage (Smith 1932 , Masaki et al. 1984 , Cowles 2001 . The adult weevil lays eggs in the substrate of containerized hosts or soil around field-grown hosts (Smith 1932, Nielsen and Roth 1985) . The larval stage feeds on roots often stunting or killing their hosts. In container-grown ornamental nursery crops, black vine weevil is a pest on a variety of plants including Astilbe, Azalea, blueberry, cyclamen, Heuchera, Rhododendron, Sedum, and Taxus (Smith 1932 , Moorhouse et al. 1992 , Moorhouse et al. 1993 , Cowles 2001 , Gill et al. 2001 . In field production systems in Ohio, damaging populations occur primarily in fields of Taxus. 'Received 8 November 2007 ; accepted for publication 8 January 2008. 2Address inquiries (email: mike.reding @ars.usda.gov).
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Black vine weevil adults are flightless and reproduce by thelytokous parthenogenesis, which can result in infestations being initiated by a single female. Information on performance of larvae in container-or field-grown nursery crops is limited (Cowles 2001 , Gill et al. 2001 . Previous research on larval performance was conducted primarily in Petri dishes or in small pots (<1 L) and relatively controlled environments (Nielsen and Dunlap 1981 , Hanula 1988 , Moorhouse et al. 1993 , van Tol et al. 2004 , Fisher 2006 . There have been few reports of larval performance in larger containers (^!3.8 L), especially when maintained outside, or in field-grown plants (Cowles 2001) . Data on performance of black vine weevil larvae in various hosts under more realistic plant production conditions (plants grown in the field or in containers outdoors), will provide a clearer picture of the interaction of black vine weevil and the nursery ecosystem. This information will be useful in helping growers predict which plant species are most susceptible to infestation by black vine weevils.
Mulches are commonly used in landscapes, and nursery fields of large Taxus often have layers of needles beneath the plants that may create conditions similar to mulch. Smith (1932) reported that a covering of mulch aided penetration of the soil by newlyhatched black vine weevil larvae. In a test on grape vines, Cone (1965) applied a layer of moist peat to the soil surface to aid survival of newly-hatched black vine weevil larvae. Black vine weevils are relatively common in landscape plantings that include hosts and in nursery fields of large Taxus. Adult black vine weevils can often be found under host plants in debris such as leaves, needles, or mulch. These materials may create conditions favorable for adults, which may increase oviposition in those locations and thus infestations of larvae.
The objectives of this research were: (1) to examine performance of black vine weevil larvae in various larval hosts grown in containers or the field to help determine which plant species are most susceptible to infestation by larval black vine weevils; and (2) to assess whether a mulch type ground covering increases the likelihood of establishment of black vine weevil larvae in field-grown plants. If there is no difference in performance among hosts, each host should have a similar number of larvae at the time of evaluation. If the tested mulches do not influence establishment of larvae in field-grown plants, there should be no difference in the numbers of larvae in plants with mulch versus without.
Materials and Methods

container trial.
This trial was conducted in a temperature-controlled room with a constant temperature of 24°C (±0.5°C) and a photoperiod (L:D) of 12:12. Four species of plants were used in this trial (1) Taxus (Taxus x media Rehder 'Brownii'), (2) Sedum (Sedum spurium Bieb. 'Vera Jameson'), (3) Astilbe (Astilbe arendsii Arends 'Amethyst'), and (4) redbud (Cercis canadensis L.). Based on observed infestations in nurseries and published reports, the above species of Astilbe, Sedum, and Taxus are good hosts for black vine weevil larvae (Nielsen and Dunlap 1981 , Cowles 2001 , Gill et al. 2001 . We frequently find these species heavily infested in nurseries, especially containerized plants in soilless substrate. The redbud was included as a nonhost, thereby serving as a negative control. All plants were purchased 'bare-root', then potted in 3.8-L containers in soilless substrate (mixture of aged pine bark 60% [Aged Pine Bark, Conrad Fafard, Inc., Agawam, MA], peat 15%, compost 15%, and coarse sand 10% by volume). A randomized complete block design was used with plant species as treatments and 10 replications. On 27 May 2004, two containers of each plant species were placed in each of 10 cages with each cage a replication. The cages were 60 x 60 x 60 cm and composed of polyester netting and vinyl BioQuip Products, Rancho Dominguez, CA] . Eight adult black vine weevils that had at least 18 d of preoviposition feeding were released into each cage. Five of the cages received black vine weevil that fed on Taxus foliage, and the other 5 cages received black vine weevils that fed on Rhododendron leaves. All adult black vine weevils were reared from larvae infesting pots of A. arendsii(one of the trial species) obtained from a commercial nursery. The test plants were watered by hand as needed.
This trial was evaluated 96-98 d after the experiment began (31 August and 2 September 2004). For evaluation, each plant was removed from its container, and the roots and substrate were carefully searched for black vine weevil larvae. Mean numbers of larvae in each plant species were computed. These data were analyzed by analysis of variance (ANOVA), and Tukey's HSD test was used for post hoc comparison of means (Statistix 2003) . Influence of preoviposition host was compared, and data for both hosts were pooled for further analysis (ANOVA and Tukey's HSD test). Because of heterogeneity of variances, larval numbers were transformed (log(X + 1)) before analysis (Zar 1999). 2005 container trial. This trial was conducted outdoors in the Ohio State University Secrest Arboretum, with the cages on a gravel substrate covered by a fabric weed-barrier. A randomized complete block design was used with the species of plants (4) as treatments and 10 replications (cages). The plant species, number of plants, planting substrate, size of planting containers, and cages were the same as in 2004. The plants were placed in the cages on 6 June 2005, then on 8, 15, and 17 June each cage was infested with 8, 4, and 8 adult black vine weevils, respectively (total of 20 per cage). The test plants were watered by hand as needed. No more than 7 d of preoviposition feeding (on Taxus foliage) occurred before the adults were placed in cages. These adults were reared from larvae infesting containerized Fothergilla garden/i Murray (dwarf fothergilla), Pinus mugo Turra (mugo pine), Thuja occidental/s L. (arborvitae), or Chamaecyparis obtusa EndI. (falsecypress) that were obtained from a commercial nursery. This trial was evaluated 160 d after the first black vine weevils were placed in the cages (15 and 16 November 2005) . Evaluations were made using the same method as in 2004. One pot of each plant species per cage was flagged at the start of the experiment and designated for evaluation of larval numbers. The other pots were designated for counting eggs, but the method tried was too laborious and unreliable; thus, this part of the trial was dropped, and the plants were discarded. Mean numbers of larvae in each plant species were computed. These data were analyzed by analysis of variance, and Tukey's HSD test was used for post hoc comparison of means (Statistix 2003) . Because of heterogeneity of variances, larval numbers were transformed (log(X + 1)) before analysis (Zar 1999 Horticultural charcoal was substituted for sand to make the black vine weevil larvae easier to detect, as the coarse sand previously used in the soilless substrate was about the same size and color as the weevil larvae. In each trial, 2 containers of each species were placed in the same type of mesh cages used in 2004 and 2005. The test plants were watered by hand as needed. The cages were infested with adult black vine weevil reared from larvae field collected from Taxus cusp/data Sieb. & Zucc. 'Capitata'. The trials were evaluated by removing the pots and carefully searching through the roots and substrate for larvae. The larvae were counted and weighed (as a group) by plant species. In all trials, mean numbers and weights of larvae were computed for each plant species. Numbers of larvae and larval weight were analyzed by analysis of variance (Statistix 2003). Tukey's HSD test and Fisher's protected LSD were used for post hoc comparison of means for larval numbers and weight, respectively (Statisbx 2003) . Because of heterogeneity of variances, larval numbers and weights were transformed (log(X + 1)) before analysis (Zar 1999) .
In 
Field trials.
A mulch trial was undertaken in 2004 to examine the influence of mulch on establishment of black vine weevil in field-grown Taxus. Smith (1932) indicated that newly-hatched larvae penetrated mulch covered soil more readily than bare soil. On 6 May 2004, 48 two-year-old bare-root Taxus (Taxus x media Rehder 'Hicksii') liners were planted approx. 1.2 m apart in two adjacent rows (24 plants per row) approx. 2.75 m apart. A completely randomized design was used with 3 treatments of mulch (aged pine bark, Taxus needles from an unsprayed commercial nursery field, and bare soil-no mulch) and 16 single-plant replications per treatment. Large Taxus in nursery fields usually have a layer of needles beneath them and pine bark is a commonly used mulch in landscape plantings. Black vine weevils commonly occur in both types of habitats. On 11 May, aged pine bark or Taxus needles were spread around the base of previously assigned plants. These mulches were spread in a circle approx. 25 cm diam and 1 cm deep around the base of the plants.
On 10 May, the rows were infested by burying pots (7.6 L) of soilless substrate infested with black vine weevil larvae between plants in each row at a rate of 1 pot per plant. The pots were buried so that the top of the substrate was level with the surrounding soil surface. This method allowed the flightless adults emerging from the pots unrestricted dispersal and choice of favorable sites for resting, feeding and oviposition. On 20 May, grooved-boards (30 x 30 cm, grooved side down) were placed next to each plant to monitor adults (Li et al. 1995) . Adult black vine weevils tend to rest in the boards' grooves during the day. On 14 and 16 June, a total of 50 adult black vine weevils (25 each date) was released in each row.
The Taxus were dug for evaluation on 18 April and 4 May 2005. The extracted roots and soil were searched carefully for black vine weevil larvae. The treatment with the highest mean larval density was considered to provide the most favorable conditions for infestation by black vine weevil. However, larvae were only found infesting a total of 5 (out of 48) plants; thus, no analysis was possible.
A host preference trial was undertaken in 2004 to examine establishment of black vine weevil on 3 field-grown ornamental nursery crops. On 6 May 2004, 16 groups of 3 plant species [Tsuga canadensis (L.) Carribre (eastern hemlock), Sedum specta bile Boreau 'Neon', Rudbeckia fulgida Aiton 'Goldstrum' (Black-eyed Susan)] were planted in the field. All plants were transplanted from 7.6-L containers and had root balls of soilless substrate (mixture of aged pine bark 60%, peat 15%, compost 15%, coarse sand 10%). Hemlock and Sedum were listed as hosts for black vine weevil (Smith 1932 , Cowles 2001 . Rudbeckia is not on any host lists and was included to simulate conditions where weevils encounter hosts and nonhosts in close proximity, such as in landscape plantings. To prevent orientation of the plants from influencing the results, the positions of the plants were rotated one position in successive groups (1-16). For example, if positions 1, 2, and 3, in group-1 were hemlock, Sedum, and Rudbeckia, respectively, then in group-2 positions 1, 2, and 3 would be Rudbeckia, hemlock, and Sedum, respectively, and so on. A randomized complete block design was used with the plant species as treatments and each group of plants as a replication. On 10 May, a 7.6-L pot containing soilless substrate infested with black vine weevil larvae was buried in the center of each group of plants so that the top of the substrate was level with the surrounding soil surface. On 11 May, aged pine bark mulch was spread around the base of each plant (approx. 1 cm deep) to facilitate penetration of the soil by larvae. On 20 May, grooved-boards were placed in 6 of the 16 groups to monitor adults. On 18 June, an additional 50 adult black vine weevils were released in the row. The plants were dug for evaluation on 5, 6, 12, and 18 April 2005. At that time the extracted roots and soil were searched for black vine weevil larvae. Mean numbers of larvae per plant were computed for each species. Analysis of variance was used to analyze larval numbers, and Tukey's HSD test was used for post hoc comparison of means (Statistix 2003).
Results and Discussion
2004 container trial. There was extensive feeding by adults on all species of plants. The feeding on redbud leaves was unexpected because this plant does not appear on published lists of adult or larval hosts, and there were other adult hosts available.
Black vine weevil larvae were found primarily in the Sedum (Table 1 ). The roots of the Sedum were often hollowed out, and larvae were usually wedged between the roots near the crown. Significantly (a = 0.05) more larvae were found in Sedum than all other plant species (preoviposition hosts pooled, F= 75.58; df = 3, 9; P< 0.001), and the Sedum in every replication (all but 2 plants) had at least one larva. When preoviposition hosts were compared, more larvae were found in Sedum than Astilbe, redbud, or Taxus (F = 37.03; df = 7, 4; P < 0.001) regardless of preoviposition host. There was no difference in the numbers of larvae between Sedum infested with adults fed Rhododendron or Taxus. 
container trial.
Adult feeding was extensive on the foliage of all species, similar to 2004. There was again substantial feeding on the redbud leaves. However, whether adult black vine weevil could survive and produce eggs on a diet of only redbud is unknown. Most of the adults used in this trial were reared from infested pots of Fothergilla sp. or mugo pine (Pinus mugo) that were obtained from a commercial nursery. Neither plant species occur on published lists of adult or larval hosts (Smith 1932 , Warner and Negley 1976 , Masaki et al. 1984 ), although, Bruck (2007 reported obtaining mugo pine infested with black vine weevil larvae from a nursery. Based on the numbers of larvae we collected from these species, we consider them viable larval hosts, indicating there remain gaps in our knowledge of black vine weevil host range.
There were more black vine weevil larvae in the Sedum than any of the other species of plants (F= 17.39; df= 3, 27; P< 0.001) ( Table 1) . There was at least one black vine weevil larva in every Sedum whereas only 60% of the Taxus and Astilbe and 20% of the redbuds had larvae. There was no difference (a = 0.05) in the numbers of larvae among the Astilbe, redbud, and Taxus. Extensive root damage was evident in all Sedum plants, 3 of which had no roots remaining and 2 of those had only 1 larva each. None of the other species had any apparent root damage. Vol. 43, No. 3 (2008) 2006 container trials. Adult feeding was extensive on all species of plants in each trial. In Trial 1, there was a significant difference in the numbers of larvae among plant species (F = 22.55; df = 3, 9; P < 0.001), with significantly (a = 0.05) more larvae found in Sedum than in Ast/Ibe or Taxus (Table 1) . Significantly ((X = 0.05) more larvae were found in Heuchera and Astilbe than Taxus, but there was no difference between Heuchera and Astilbe (Table 1) . Numerically, Heuchera had slightly more larvae than Sedum, however, there was much more variation in the numbers of larvae among replications in the Heuchera than the Sedum. Consequently, when analysis was performed on the transformed data, Sedum was statistically different than Asti/be, but Heuchera was not.
There was a significant difference in mean larval weights among plant species (F= 33.02; df = 3, 9; P < 0.001), with Sedum producing heavier larvae than Heuchera or Taxus (Table 2 ). Although numbers of larvae were similar in Sedum and Heuchera, the mean weight of larvae collected from Sedum was more than twice those collected from Heuchera. This indicates that larval development was, on average, more advanced in Sedum than Heuchera, suggesting that Sedum was a better host. Larvae from Ast/Ibe and Heuchera weighed significantly (a = 0.05) more than larvae from Taxus (Table 2) .
In Trial 2, there were 29 x more larvae found in the Astilbe than the Taxus. However, because there was so much variation among replications, there was no significant difference in the numbers of larvae between species (F= 6.38; df = 1, 4; P= 0.065) ( Table 1 ). The mean weight of larvae collected from Astilbe was 16x higher than for those collected from Taxus (Table 2) . However, the larval weights for Taxus were based on only 2 larvae, both found in the same plant. As a result, analysis of larval weights was not performed for this trial.
Table 2. Comparison of larval weights in the 2006 trials
* Mean larval weights within trial-1 followed by the same letter are not significantly different, Fisher's protected [SD (ct = 0.05). ** No analysis was done for Trial 2 because only one replication had larvae in the Taxus, and Taxus was left out of the analysis in Trial 3 because only one replication had larvae. + Only one replication had larvae and they were weighed together.
In Trial 3, significantly more larvae (a = 0.05) were found in Heuchera than Astilbe or Taxus (F= 17.36; df = 2,4 ; P= 0.001), but there was no significant difference between Astilbe and Taxus ( Table 1 ). The weights of larvae collected from Astilbe plants were on average 2.9 x and 1.6 x higher than those collected from Heuchera and Taxus, respectively. There was no statistical difference in larval weights between Astilbe and Heuchera (F = 3.35; df = 1, 4; P = 0.209). The data for Taxus was excluded from this analysis because only 1 plant had larvae.
In 3 container trials (2004, 2005, 2006) , we found that Sedum was a better larval black vine weevil host compared with Taxus and Asti/be. The numbers of larvae in the Taxus and Astilbe were similar in the 2004 and 2005 trials. In 2006, significantly more larvae were found in Astilbe than Taxus in Trial 1, but not Trials 2 and 3 even though there were 29 x and 4 x more larvae in the Astilbe in those trials, respectively. The 2006 trials were infested with adults reared from larvae collected from field-grown Taxus (T. cusp/data) . Previous studies have shown that Astilbe and Taxus are good hosts for black vine weevil larvae (Smith 1932 , Warner and Negley 1976 , Cowles 2001 , van Tol et al. 2004 , and in commercial nurseries, infested containers of these species are frequently found with large numbers of larvae. In a trial where Astilbe x arendsii, Heuchera x brizoides, Sedum spectabile and Taxus x media were infested with black vine weevil eggs, Cowles (2001) found highest survival to late-instar larvae on the Astilbe (35% of the eggs) and Taxus (33%). Furthermore, when development of the larvae on these hosts was examined, Sedum and Taxus were the best hosts based on mean instar at the time of evaluation (Cowles 2001) .
Adult black vine weevils fed extensively on all of the plant species in the current trials. The level of adult feeding injury suggested that adults spent significant time on all the plants; however, the larval data suggest that either survival and establishment of larvae was better on Sedum and Heuchera than Astilbe or Taxus, or the adults moved to the Sedum and Heuchera to oviposit more often than Astilbe and Taxus. Cowles (2001) found Taxus to be comparable to Sedum as a host for black vine weevil larvae with both species better than Astilbe. In our trials, larvae performed better on Sedum and Astilbe than Taxus. The differences in our results compared with Cowles (2001) suggest that the response of black vine weevil to host species may vary among populations (Fisher 2006) . Further research on black vine weevil host performance is needed, especially related to observed hosts not listed as hosts on published lists. In addition, performance of black vine weevil from different populations on various hosts should be compared.
Field trials. In the mulch trial, adult black vine weevils were first detected under grooved-boards on 24 May, and adults were found on all dates from that time through 27 August (Fig. 1) . The first peak of activity probably represents emergence of adults from the buried pots. The second peak was probably the result of the adults released on 14 and 16 June. Few larvae were found in any treatment the following spring. A total of 4, 3, and 2 larvae were found in the no-mulch, pine bark, and Taxus needle treatments, respectively (only 3, 1, and 1 plants had larvae, respectively). The presence of mulch did not provide more favorable conditions than bare soil for establishment of black vine weevil larvae in our test plants. Whereas adult black vine weevils were present in the plot through most of the summer, their numbers were low in July and August. The conditions in the plot may not have been favorable for adults, and they may have emigrated or died. The Taxus were small and their canopies provided poor resting areas for adult weevils during daylight hours. In addition to being used for monitoring, the grooved boards were expected to provide resting sites for adults. Because adult black vine weevils are often found in the debris under plants during daylight hours, it was also speculated that the pine bark and Taxus needles might provide favorable resting sites, which might lead to increased oviposition in those locations. No insecticides had been used in this site for at least 2 yrs, and ground beetles (Carabidae) and spiders were common. Therefore, it is possible that numbers of adult black vine weevils were reduced by predators. In the host performance trial, adult black vine weevils were first found under the grooved boards in this plot on 24 May. Adults were found on every trapping date from that time through 21 June, then only once after that through 27 August. More larvae were found in the Sedum than the other species (F= 5.84; df = 2, 45; P= 0.006). No larvae were found in the hemlock or Rudbeckia, whereas 63% of the Sedum had larvae with a mean (±SD) of 3.6 (6.0) larvae per plant and a maximum of 21.
In the field, when black vine weevils were presented with an opportunity to establish in Sedum, hemlock, and Rudbeckia (black-eyed Susan). Sedum was the best host. Hemlock is often considered a host by growers, but some published reports list it as a relatively poor larval host or not preferred for oviposition (Warner and Negley 1976, Hanula 1988) . Strawberry root weevil, Otiorhynchus ovatus L., is more likely to infest hemlock than black vine weevil (Warner and Negley 1976) , and these weevils are similar enough in appearance to black vine weevil to confuse growers.
Neither aged pine bark nor Taxus needle mulch increased establishment of black vine weevil in our field plots of Taxus. The trapping results indicated that adults were present in the plots through most of the summer, although, probably in low numbers during July and August, which may have resulted in low numbers of eggs that were oviposited. More larvae were collected from the host performance field trial than the mulch trial. There was either better overall survival in that trial or more eggs were oviposited. The soil in the Taxus plots was loam and may have been too dense to be ideal for establishment of black vine weevil regardless of the presence of mulch. Smith (1932) found that hosts planted in lighter more porous soils were more likely to be infested than those planted in heavy soils. The plants in the host performance trial were transplanted from 7.6-L containers and had soilless media surrounding their roots, which is more favorable for establishment of black vine weevil larvae than field soil (Smith 1932, Nielsen and Roth 1985) .
